Tri-stable permanent magnet actuator (TPMA) has been widely used in industry. In this study, a new TPMA integrating a permanent magnet actuator and two centralizing disc springs is proposed for valve application. By taking the linear coefficient of force/stroke characteristic, startup force, holding force and response time as the optimization objective, the TPMA was optimized based on an improved hierarchical genetic-particle swarm algorithm (HGP) and 3D Finite element analysis (FEA) under volume constrain. The optimization process was analyzed in detail to prove the effectiveness of multi-objective design. The performance of the prototype was verified experimentally. The results showed that a good linear force/stroke characteristic of prototype was obtained, and the linear coefficient of force/stroke characteristic was 0.97. The startup force was 409 N and holding force was 332 N, which increased by 32% and 54% after optimization, respectively. The dynamic response time of prototype from center stability to extreme stability was 5.8 ms. The TPMA can be applied extensively in the valve control.
I. INTRODUCTION
As a kind of energy converter, electromagnetic linear actuator has been widely used in industries because of simple structure [1] - [3] . The application range of electromagnetic linear actuator could be expanded even further if tri-stable motion can be realized [4] , [5] .
In recent years, multi-stable actuators have become a research hotspot to avoid unacceptable energy consumption resulting from the holding current [6] , [7] . There are mainly two methods for actuators to achieve self-holding. The mechanical self-holding method makes the dynamic mass increase, while is not beneficial to actuator's driving force [8] , [9] . Multi-stable is a trend towards power consumption reduction or fast response, through advances in high-energy permanent magnet (PM) materials like NdFeB. Yatchev et al. developed a bi-stable permanent magnet linear actuator with soft magnetic mover [10] . You et al. designed a concentric, bi-directional valve actuator that contains doublelayer permanent magnets to increase the holding force [11] .
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Tsukima et al. designed a tri-stable rotary solenoid actuator using the electromagnetic restoring torque [12] . However, Multi-stable actuator has a nonlinear force/stroke characteristic because of high-energy permanent magnet materials, which results in insufficient driving force when mover is away from target end [13] . A bi-stable actuator was optimized for maximizing electromagnetic force, while the force/stroke characteristic is still nonlinear [14] . In reference [11] and [12] , the holding force reaches 100 N, while the startup force is less than 30 N. More seriously, the driving force at starting of stroke is minus without spring mechanism [15] . In [16] , driving force was enhanced by linear force versus position characteristic, prototype's startup force reaches 130 N. Compared with ordinary bi-stable actuator with low power consumption, the bi-stable actuator with high output force density has advantage of fast response. The bistable actuator can be applied extensively in the valve control if tri-stable motion can be realized.
Currently, analytical method, semi-analytical method and numerical method have been proposed in order to optimize the design of electromagnetic devices [17] - [19] . Wu et al. [20] , Takahashi et al. [21] and Sun et al. [22] optimized electromagnetic actuators using the FEA method to achieve a large magnetic force. Since design problems commonly encounter conflicting relationships between objective functions, finding a single solution that satisfies all requirements is unfeasible. Hey et al. maximized output force and optimized heat generation by a feasible solution locally using a branch and bound method [23] . The adaptive simulated annealing algorithm was employed by Wang et al. to optimize PM actuator for improving the static and dynamic characteristic synthetically [24] . Yoon et al. simultaneously maximized holding force and minimized eddy current loss by applying (1+λ) evolution strategy [25] . Ryu et al. used a gradient-based optimization algorithm for a magnetic actuator design considering both magnetic force and actuator volume [26] . Aiming at shortcomings in the closing bounce and slow breaking velocity of electromagnetic apparatus, Xu et al. established a multi-objective optimization model by means of the improved multi-objective particle swarm optimization algorithm [27] . Hassan et al. established a multi-objective optimization methodology based on Magnetic Equivalent Circuit for three phases axial flux actuator [28] . Sadeghi et al. optimized a five-phase Halbach permanent-magnet machine for high efficiency, high torque, and high acceleration is investigated [29] . To achieve high thrust density, low ripple and low copper loss of electromagnetic linear actuator, a multi-objective optimization design method of tubular Halbach permanent magnet linear synchronous motor using stochastic particle swarm optimization was presented by Peng et al. [30] . Multi-objective optimization methods have been widely used in electromagnetic machines. However, there is a new problem for TPMA to optimize force/stroke characteristic, maximize startup force, minimize response time and insure the holding force so as to meet the requirement of load.
In this paper, a new type TPMA is proposed and optimized. The overview and analysis of the TPMA is shown in Section II. A multi-objective optimization procedure constrained in a specific volume has been developed in Section III. The optimization process is further analyzed in Section IV. The effectiveness of the design method and the performance of the prototype are verified experimental in Section V. Conclusion of this work is given in Section VI.
II. SCHEME DESCRIPTION
A TPMA integrating a bi-stable permanent magnet actuator and two centralizing disc springs was proposed, as shown in Figure 1 . The TPMA has cylindrically symmetrical configuration and consists of a coil, an armature, a sleeve, two disc springs, two permanent magnets and an outer stator including yoke, pole shoe and shell. The two centralizing disc springs are responsible for reducing volume and obtaining three steady states. It is worth noting that pre-deformation is produced in the assembly process and only the thrust towards midpoint is acting on armature for each disc spring. When there is no exciting current, there are three steady states of armature under spring force and permanent magnetic force. One of the three steady states is located in midpoint and the other two are located at the endpoints of the stroke, respectively.
For traditional actuators, high current is needed to move its mover to target position, and holding current is needed to hold the mover at target position. However, TPMA needs only a short duration current for coil excitation to move the valve to target position. Without the requirement of holding current, TPMA has reduced power consumption and improved system stability compare with traditional actuators, especially on the conditions that mover keep working at the ends of stroke for long time under high load. In general, the TPMA possesses quite nonlinear force/stroke characteristic because of high-energy permanent magnet materials. As for TPMA with center symmetric force characteristic curve, the influence of force/stroke characteristic on actuator performance was analyzed, as shown in Figure 2 . Assuming two TPMAs had the same holding force and different force/stroke characteristic, the application of TPMA in three-position four-way valve was taken as an example, and the load was proportional to the displacement of armature [31] . The load including spring force (F load + F spring ) and the spring force (F spring ) are shown in Figure 2 . When armature was located in midpoint of the stroke, the force acting on armature in holding phase was F h0 = F load + F spring -F m0 , where the F m is zero. The force acting on armature in startup phase is F s0 = F max0 -F load -F spring . When armature was located in endpoints of the stroke, the force acting on armature in holding phase was F h0.5 = F m0.5 -F load -F spring VOLUME 7, 2019 and the force acting on armature in startup phase was F s0.5 = F max0.5 + F load + F spring . Where F max0 and F max0 was the F m under maximum excitation current when armature was located in midpoint and endpoint of the stroke, respectively. F m0 and F m0.5 was the F m under zero excitation current when armature was located in midpoint and endpoint of the stroke, respectively. As for holding phase, F h0 was bigger than 0, while F h0.5 was bigger than 0 if F m0.5 was bigger than the sum of F load and F spring . As for startup for phase, the bigger F mmax was, the bigger startup force was and the faster response was. As for TPMA in this paper, an enough value of F m0.5 in endpoints was needed to eliminate holding current. In order to produce electromagnetic force opposite to the holding force, excitation electromagnetic field must overcome the impact of permanent magnetic polarization magnetic field firstly. Therefore,F m0.5 and F max0.5 in endpoints are in conflict.
III. PROBLEM FORMULATION A. PROBLEM MODELING
In this experiment, the spring's stiffness coefficient was 100 N/mm and the pre-compression of the spring was 0.5 mm. The maximum load was 100 N in the endpoints of the stroke. Thus, the F m0.5 should to be bigger than 300 N for eliminating holding current. Load and spring force were used as part of driving force during the startup process in endpoints of the stroke, while electromagnetic force must overcome load and spring force during the startup process in midpoint of the stroke. The maximum electromagnetic force in midpoint of the stroke (F max0 ) was an important factor limiting the response time (t r ) of startup process. F max0 and F m0.5 reflects the force acting on armature in startup process and holding process, respectively. Thus, F max0 and F m0.5 is called as holding force and startup force in this paper, respectively. The problems in optimization design of TPMA include optimizing force/stroke characteristic, maximizing startup force, minimizing response time (t r ) and insuring the holding force to meet the requirement of load in a specific volume. The multi-objective optimization of TPMA considering force/stroke characteristic is a new optimization problem. The design objectives are shown in Table 1 . The linear coefficient of force/stroke characteristic (k l ) is an index of evaluation of force/stroke characteristic, which is given by
where F m0 , F m0. 25 and F m0.5 are the electromagnetic force without excitation current when armature is located in midpoint, half point of the stroke and endpoint of the stroke, respectively. The TPMA has a good linearity of force/stroke characteristic if k l is equal to 1. When k l is bigger than 1, the linearity of force/stroke characteristic also becomes poor. It is noted that there are fourteen structural parameters in Figure 1 and they all have influence on the static and dynamic characteristics of the TPMA. Among them, coil parameters have a remarkable effect on excitation current energy. The excitation energy should remain unchanged during structural parameter design to evaluate cases more appropriately. Meanwhile, the stroke (S)S = ±1.5 mm, which depends on the design requirement. L 4 and H 3 determine the magnetic resistance of magnetic circuit, while have little effect on force/stroke characteristic. Thus, L 3 , H 7 , L 4 , H 3 and S remained the same in the optimization process. The ratio of sleeve height (H 4 ) to PM height (H 5 ) is greater than certain value to avoid magnetic saturation in sleeve. The ratio of H 4 and H 5 is 1.6 in this study. Moreover, the structural parameters subject to 
where m is the armature mass, k s is the weight coefficient of startup force, k h is the weight coefficient of holding force, k h + k s = 1. Holding force and startup force are in conflict in the design of TPMA, and startup force is not enough in general. Thus, the k s is 0.72 and the k h is 0.28. Moreover, the surplus holding force is produced when holding force exceeds the design objective value, which is useless and affects optimization results in startup force. Additionally, there are boundary conditions and constraint for the independent design variables. The constraint conditions for the multiobjective optimization design of the TPMA can be expressed as
The electromagnetic force is obtained from 3D FEA. Considering a static field and neglecting displacement currents, the Maxwell equations are provided based on the magnetic field intensity H, the conduction current density J, the magnetic flux density B, the material permeability µ and the curl operator ∇. In general, the magnetic flux density can be expressed in terms of magnetic vector potential A as
Current density may be related to magnetic vector potential by
The magnetic virtual displacement approach is presented to calculate the F m produced by the polarizing and control magnetomotive force. The magnetic virtual work forces are calculated for all air elements with the magnetic virtual displacement specification adjacent to the armature body
where W is the incidental energy change for the small displacement x. E x is the co-energy of system at the zero displacement point, and E x+ x is the co-energy at the assumed armature position.
B. OPTIMIZATION PROCEDURE
In previous work, the HGP was proposed to overcome the contradiction between the global capacity and the convergence speed in reference [14] . An optimization design method that combines HGP and 3D FEA is described as Figure 3 . The steps of the optimization procedure are presented as follows. Step 1: Initialization parameters, including the population size (pop_size = 24), inertia weight (w), maximum velocity (v max ), initial position (x id ) and initial velocity (v id ), learning factors (c 1 = c 2 = 2), the maximal number of iteration (N = 30), elite rate (r e = 0.25), crossover rate (100%) and mutation rate(10%). A particle's velocity in each dimension is clamped to a maximum velocity and the maximum velocity is set to a certain fraction of the range of the search space in each dimension.
Step 2: Generate randomly the initial population.
Step 3: Calculate the fitness values (objective function) of all particles by 3D FEA, rank them on the basis of the fitness.
Step 4: From the population, selected the elite number (N e = 6) best individuals according to fitness. And apply PSO operators for updating the N e individuals. By using the individual best position (p id ) and global best position (p gd ). The particles' velocities and positions are updated using the following equations.
The variable inertia weight ([0.95, 0.4]) and constriction coefficient are applied to enhance the search ability of the particles and improve the convergence of the algorithm.
Step 5: Apply crossover operation to the general individuals (Cross size N c = 18) by the following equations, where Uniform(0,1) means randomly generating a real number in the range of [0,1].
Step 6: From the Step 4 and Step 5 population, uniform mutation is adopted to draw the mutated particle from the corresponding search interval randomly and uniformly.
Step 7: Update the system parameters and population.
Step8: The algorithm will return to Step 3 until a prespecified number of iterations is satisfied.
IV. OPTIMIZATION RESULTS AND ANALYSIS A. OPTIMIZATION RESULTS
The multi-objective optimization method for TPMA can be validated from optimization result. The convergence of the optimal design is shown in Figure 4 . The structural parameter design results are listed in Table 2 .
The convergence process can be divided into four stages. In the first phase, the average value and maximum value of the objective function increased rapidly, and the parameters were optimized effectively. The average value of the objective function still increased rapidly in the second stage, while the maximum value was trapped into local optimum. In the third stage, the average value of objective function increased slowly. The maximum value jumped from local optimal solution and the system continued to search for the better objective value. The maximum value of the objective function converged in the fourth stage, the average maximum was stable and there was no significant rising trend.
The objective function value was increased by 69% and performance indicators were also been improved, which indicates that the optimal procedure had a good effect. Moreover, the simulation startup force was 416 N and holding force was 336 N, which increased by 36% and 54% respectively compared with the preliminary design. In order to visually demonstrate the structural changes of the optimization process, the numerical results of the electromagnetic field in the first generation, the 12th generation and the 24th generation of the optimal particle (the optimal actuator of the same generation) are listed in Figure 5 , where AT is the abbreviation of ampere-turns.
The magnetic flux density distribution of the optimal particles was determined by the topology of TPMA. When there was no excitation current (0 AT) and the armature was located in the endpoint of the stroke, armature, the half of sleeve close to armature and most areas of yoke were in magnetic saturation. In the maximum excitation (2400 AT), one of the polarizing magnetic field of the permanent magnet ring was weakened, while another was enhanced. A high magnetic flux density was found in the adjacent pole shoe, sleeve, armature, yoke and most of the shell. Using the optimization program, the relative position of sleeve, armature, permanent magnet ring, yoke and pole shoe were optimized to obtain better particles. In the first generation, the height of yoke was smaller than the height of pole shoe, and the sum of yoke height and armature height was greater than the sum of pole shoe height, PM height and sleeve height. In the 12th generation and the 24th generation, the height of yoke became greater than the height of pole shoe, and the sum of yoke height and armature height became smaller than the sum of pole shoe height, PM height and sleeve height. When there was no excitation current, the percentage of high magnetic flux density area in the yoke increased significantly on the side near the armature. In the maximum excitation, the percentage of high magnetic flux density area in the yoke increased significantly on the side far from the armature. The optimization process neither changed the composition of the actuator magnetic circuit, nor reduced the heights of yoke and pole shoe. As a result, the magnetic reluctance in magnetic circuit was reduced and serious magnetic saturation was avoided. More analysis on the structural changes of the optimization process will be carried out in the next section.
B. RESULT ANALYSIS
In order to further analyze the optimization design process, the linear coefficient of force/stroke characteristic, armature mass, holding force and startup force of the optimal particle in each generation were recorded, as shown in Figure 6 . For comparison, holding force and startup force under single optimization objective are also listed in Figure 6 .
The optimization process validated that startup force, holding force and linear force/stroke characteristic of TPMA were in conflict in multi-objective optimization. The best values of startup force, holding force and linear coefficient of force/stroke characteristic in the optimization process appeared in the 15 th , 8 th and 16 th generation, respectively, while the optimal solution obtained by the optimization procedure converged to the 20 th generation. The result shows FIGURE 6. The optimal particle performance index during optimization. that the multi-objective optimization design method has the ability to jump out of local single objective optimal solution. In contrast, the value of holding force and startup force gradually increased until convergence under single optimization objective. The convergence value under single optimization objective significantly was greater than the value under multi-objective optimization, which illustrates the effectiveness of multi-objective optimization design. Figure 7 shows the changes of armature and permanent magnet parameters during the optimization process.
The permanent magnet width (L 2 ) was the first one to reach the maximum value of the optimal range, and then it stayed at the maximum throughout optimization procedure. The armature height and the armature radius will greatly improve the actuator's dynamic mass, and the denominator of the objective function will decrease rapidly. However, the armature height and armature radius were too small to produce enough holding force and startup force, so that the numerator of the objective function will become insufficient. As a result, the permanent magnet height (H 5 ), armature height (H 1 ) and armature radius (L 1 ) of the optimal particle in each generation were below a range smaller than the optimal range.
In addition, from the perspective of convergence speed, the permanent magnet width was the fastest, the permanent magnet height, the armature height and the armature radius were slower. In the future design, the value of permanent magnet width can be determined and the number of independent variables will be reduced., Therefore, the calculation amount will be reduced effectively in the optimization process.
V. EXPERIMENT AND DISCUSSION

A. EXPERIMENTANL SETUP
According to the optimization design results of the TPMA, the prototype was manufactured. In order to verify the effectiveness of the design method and the performance of the prototype, an experimental setup was developed shown in Figure 8 . The displacement of armature was controlled by position adjustment device, which was consist of ball screw and lock nut with 1mm pitch. To verify the model, following signals were acquired including the coil current (close loop hall-effect current sensor TBC10SY), the armature position (laser displacement sensor) and the force ('S' type sensor with a 0.02%FS and 1000N measuring range). The fixed-point DSP TMS320F2812 was adopted as the digital controller. The DSP control board, interface circuit, power amplifier and current sensors were integrated in the control unit. 
B. FORCE CHARACTERISTIC
For simplifying test, the TPMA was tested without centralizing springs in static test. The static force, as a function of position and current, was obtained by using the simulation model and measured experimentally over a wide range of armature positions and current levels. The results of simulation and experiment of the static force versus position curves are shown in Figure 9 . The experimental results agreed with the simulation results, which validates the correctness of the 3D finite element model. The force values were dependent from the position over the whole range of the armature position, while the force versus position characteristics was highly linear compared with ordinary multi-stable actuator with low power consumption, especially when there was no excitation current.
The efficiency of the optimum design method through the linear coefficient of force/stroke characteristic. Moreover, the prototype startup force was 409 N and holding force was 332 N, which increased by 34% and 52% respectively compared with the preliminary design. The linear coefficient of force/stroke characteristic increased by 14% compared with the preliminary design. In the optimization procedure, the optimization effect of holding force was better than that of startup force. Therefore, in the future optimization design, the optimization design can be further improved by adjusting the weight coefficient of startup force and holding force. As the holding force and startup force were significantly improved, it can be inferred that the TPMA prototype has a wide application range for three-position four-way valve.
C. RESPONSE CHARACTERISTIC
The experimental and simulation results of prototype's response are shown in Figure 10 . The response process can be divided into two stages. In the first trigger phase, the electromagnetic field reserves enough energy to overcome the counterforce, and the armature has not yet started motion. In the second moving phase, the armature stays away from the end of stroke until it reaches other steady states.
With the increase of the permanent magnet, the polarization magnetic field increased, and the time required to overcome the polarization magnetic field by excitation current increased correspondingly. Meanwhile, the armature mass also increased. As a result, the trigger phase was prolonged by 0.25 ms after the optimization, while the duration of moving phase was 1.3 ms, which remained unchanged. The experimental result was coincided with the simulation calculation, and the response time was 5.8 ms or both two stages, which validated the fast response of prototype. Through multiobjective optimization design, the holding force, startup force and force/stroke characteristic of the TPMA markedly increased while maintaining the fast response. This verifies the efficiency of the multi-objective optimization design method for TPMA.
VI. CONCLUSION
A new type TPMA integrating permanent magnet materials and centralizing springs was proposed and analyzed. The effectiveness of the design method and the performance of the prototype were verified. Conclusions can be drawn as follows (1) The startup force, holding force and linear coefficient of force/stroke characteristic of the prototype were increased by 34%, 52% and 14% compared with the that of preliminary design, respectively. The multi-objective optimization design method considering HGP and FEA has the ability to jump out of single objective optimal solution.
(2) The dynamic response time of prototype from center stability to extreme stability was 5.8 ms. Prototype's linear coefficient of force/stroke characteristic was 0.97, startup force was 409 N and holding force was 332 N.
The TPMA prototype has a wide application range for three-position four-way valve. This study lays a foundation for the follow-up researches on controller design of TPMA and valve design based on TPMA.
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